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We study field theory models in the context of a gravitational theory without the cosmological 
constant problem (CCP). The theory is based on the requirement that the measure of integration 
in the action is not necessarily a/— g but it is determined dynamically through additional degrees 
of freedom, like four scalar fields <p a . We study three possibilities for the general structure of the 
theory: (A) The total action has the form S — J &Ld 4 x where the measure $ is built from the 
scalars ip a in such a way that the transformation L — > L + const does not effect equations of motion. 
Then an infinite dimensional shifts group of the measure fields (SGMF) <fi a by arbitrary functions of 
the Lagrangian density L, tp a — > ip a + fa{L), is recognized as the symmetry group of the action up 
to an integral of a total divergence. (B) The total action has the form S — Si + S%, Si — J &Lid 4 x, 
^2 = J yf— gL2d 4 x which is the only model different from (A) and invariant under SGMF (but 
now with f a — fa(Li)). Similarly, now only Si satisfies the requirement that the transformation 
Li — > L\ + const does not effect equations of motion. Both in the case (A) and in the case (B) it 
is assumed that L,Li,L2 do not depend on (p a . (C) The action includes a term which breaks the 
SGMF symmetry. It is shown that in the first order formalism, a constraint appears which allows 
us to solve the scalar field related to the dynamical measure degrees of freedom, in terms of matter 
fields. The remarkable feature of models discussed in this paper is that for all cases ((A), (B) and 
(C)), after the change of variables to the conformal Einstein frame, the classical field equations take 
exactly the form of General Relativity (GR). Therefore the models are free from the well known 
problem of the usual scalar-tensor theories in what is concerned with the classical GR tests. The 
only difference of the field equations in the Einstein frame from the canonical equations of the 
selfconsistent system of Einstein's gravity and matter fields, is the appearance of the effective scalar 
field potential which vanishes in a true vacuum state (TVS) without fine tuning in cases (A) and 
(B). To illustrate how the theory works, we present a few explicit field theory models where it is 
possible to combine the solution of the cosmological constant problem (CCP) with: f ) possibility for 
inflationary scenario; 2) spontaneously broken gauge unified theories (including fermions). In the 
case (C), the breaking of the SGMF symmetry induces a nonzero energy density for the TVS. When 
considering only a linear potential for a scalar field <fi in Si, the continuous symmetry cj> — > <f> + const 
is respected. Surprisingly, in this case SSB takes place while no massless ("Goldstone") boson 
appears. We discuss the role of the SGMF symmetry for quantization and the possible connection 
of this theory with theories of extended objects. 
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I. INTRODUCTION 



The cosmological constant problem in the context of general relativity (GR) can be explained as follows. In GR 
one can introduce such a constant or one may set it to zero. The problem is that after further investigation of 
elementary particle theory, we discover new phenomena like radiative corrections, the existence of condensates, etc. 
each of which contributes to the vacuum energy. In order to have a resulting zero or extremely small cosmological 
constant as required by observations of the present day universe , one would have to carefully fine tune parameters in 
the Lagrangian so that all of these contributions more or less exactly cancel. This question has captured the attention 
of many authors because, among other things, it could be a serious indication that something fundamental has been 
missed in our standard way of thinking about field theory and the way it must couple to gravity. For a review of this 
problem see [[[). 

The situation is made even more serious if one believes in the existence of an inflationary phase for the early 
universe, where the vacuum energy plays an essential role. The question is then: what is so special about the present 
vacuum state which was not present in the early universe? In this paper we are going to give an answer this question. 

As it is well known, in nongravitational physics the origin from which we measure energy is not important. For 
example in nonrelativistic mechanics a shift in the potential V — > V + constant does not lead to any consequence in 
the equations of motion. In the GR the situation changes dramatically. There all the energy density, including the 
origin from which we measure it, affects the gravitational dynamics. 

This is quite apparent when GR is formulated from a variational approach. There the action is 

S = [ ^J~gLd^x (1) 



L = --R{g) + L m (2) 

K 

where k = 16nG, R(g) is the Riemannian scalar curvature of the 4-dimensional space-time with metric g^, g = 
Detlg^) and L m is the matter Lagrangian density. It is apparent now that the shift of the Lagrangian density L, 
L — > L + C, C = const is not a symmetry of the action ([[]). Instead, it leads to an additional piece in the action of the 
form C J y/—gd x which contributes to the equations of motion and in particular generates a so called " cosmological 
constant term" in the equations of the gravitational field. 

In Refs. pi- 1 5) an approach has been developed where the cosmological constant problem is treated as the absence 
of gravitational effects of a possible constant part of the Lagrangian density. The basic idea is that the measure of 
integration in the action principle is not necessarily \f-~g but it is allowed to "float" and to be determined dynamically 
through additional degrees of freedom. In other words the floating measure is not from first principles related to g^, 
although relevant equations will in general allow to solve for the new measure in terms of other fields of the theory {g^ v 
and matter fields). This theory is based on the demand that such measure respects the principle of non gravitating 
vacuum energy (NGVE principle) which states that the Lagrangian density L can be changed to L + constant 
without affecting the dynamics. This requirement is imposed in order to offer a new approach for the solution of the 
cosmological constant problem. Concerning the theories based on the NGVE principle we will refer to them as NGVE 
- theories. 

The invariance L — > L + constant for the action is achieved if the measure of integration in the action is a total 
derivative, so that to an infinitesimal hypercube in 4-dimensional space-time Xq < x^ < Xq + dx^, fi — 0, 1,2,3 we 
associate a volume element dV which is: (i) an exact differential, (ii) it is proportional to d 4 x and (iii) dV is a general 
coordinate invariant. The usual choice, V—Jjd^x does not satisfy condition (i). 

The conditions (i)-(iii) are satisfied 0, || if the measure corresponds to the integration in the space of the four 
scalar fields (p a ,(a = 1,2,3,4), that is 

dV = dipi A difi2 A dy>3 A dip 4 = — d x (3) 

where 

$ = e aia2a3ai e^(d^ ai )(d„cp a2 )(dxcpa 3 )(d*VaJ. (4) 

is a measure independent of g^ u as opposed to the case of GR. In what follows we will call $ the dynamical measure 
since its value in realistic cases is dynamically determined in terms of the other fields of the theory through the 
equations of motion as we will see. We will use also the terms the "dynamical" volume element or the volume element 
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of the "dynamical space - time" for the expression $d 4 a; since according to Eq. (||), it is actually the volume element 
of the internal space of fields tp a and in the action it will take the place of the space - time volume element of GR. 

Notice that the dynamical measure (^) is a particular realization of the NGVE-principle (for other possible realiza- 
tion see Refs. 0], ||). For additional discussion of the geometrical meaning of this realization of the measure see Ref. 
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We will study three possibilities for the general structure of the action: 

(A) The most straightforward and complete realization of the NGVE principle (the so called strong NGVE principle) 
is a theory where the total action is just defined as follows 

-;4 



S = J L$d 4 x (5) 

where L is a total Lagrangian density. We assume in what follows that L does not contain explicitly the measure 
fields, that is the fields ip a by means of which $ is defined. 

Introducing independent degrees of freedom related to the dynamical measure we arrive naturally at a conception 
that degrees of freedom associated with all possible geometrical objects (like metric, connection and measure) that 
appear, should be considered as independent ones. This is why we expect that the first order formalism, where the 
affine connection is not assumed to be the Christoffel coefficients in general should be preferable to the second order 
formalism where this assumption is made. 

In fact, it is found 

H) @> §, § th at the NGVE theory in the context of the first order formalism does indeed 

provide: 

1) A possibility to construct models with the same number of degrees of freedom as in GR and with the same structure 
of equations after a suitable change of variables. In particular, it means that in the contrast to the usual scalar - tensor 
theories, a conformal frame exists where both the gravitational constant and all masses are constant simultaneously. 
It implies also that gravitational radiation for example will be the same as that in GR. By the same reason, in the true 
vacuum, the only spherically symmetrical solution is Schwarzschild. Therefore, the classical GR tests are guaranteed 
to work out correctly. 

2) A solution of the cosmological constant problem. 

We have to emphasize that this is not the case when using the second order formalism [||, ||. 

The simplest example |Q, || (see also Sec.IIC) where these ideas can be tested is that of a matter Lagrangian 
described by a single scalar field with a nontrivial potential. In this case the variational principle leads to a constraint 
which implies the vanishing of the effective vacuum energy in any possible allowed configuration of the scalar field. 
These allowed configurations are however constant values at the extrema of the scalar field potential and an integration 
constant that results from the equations of motion has the effect of exactly canceling the value of the potential at 
these points. So, the scalar field is forced to be a constant and hence the theory has no nontrivial dynamics for the 
scalar field. 

In this case the measure (^) is not determined by the equations of motion. In fact a local symmetry (called "Local 
Einstein Symmetry" (LES)) exists which allows us to choose the measure $ to be of whatever we want. In particular 
$ = \f—g can be chosen and in this case the theory coincides in the vacuum with GR with A = 0. 

A richer structure is obtained if a four index field strength which derives from a three index potential is allowed in 
the theory as it is demonstrated in Appendixes C and D and in Sec.IID (see also Refs. ||, [ffl - |J). The introduction 
of this term breaks the LES mentioned above. In this case, the constraint that the theory provides, allows to solve 
for the measure 4> in terms of \J—g and the matter fields of the theory. It turns out that by the use of a conformal 
transformation the equations can be written in the form of the Einstein theory equations where the resulting particle 
interactions and potentials are replaced by effective ones. Since the picture in these new variables has the structure 
of the Einstein's GR we will call this conformal frame the Einstein frame and we will refer to this picture as "Einstein 
picture" . 

Then the theory which contains a scalar field and a four index field strength shows a remarkable feature: the effective 
potential of the scalar field that one obtains in the Einstein picture is such that generally allows for an inflationary 
phase which evolves at a later stage, without fine tuning, to a vacuum of the theory with zero cosmological constant 

B-@i-.i- 

It is interesting to notice the existence of the symmetry of the classical equations of motion under the global 
transformation $ — > a$, a = constant (which can be obtained by individual global rescalings of the (p a 's like 
(p a — > A 1 / 4 tp a ). In the Einstein frame this symmetry includes a global scale transformation of the metric. The 
expectation value of 4-index field strength spontaneously breaks this scaling symmetry without generating a massless 
dilaton. 

The 4-index field strength also allows for a Maxwell- type dynamics of gauge fields ||, ]9| and of massive fermions. 
For illustration how the theory works, the model which provides a possibility for an explicit construction of unified 
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gauge theory (ST/ (2) x U(l) as an example) based on these ideas and keeping all the above mentioned advantages, is 
presented in Sec.V. 

(B) It is possible to check (see B and Sec. IIA) that the action (||) respects (up to an integral of a total divergence) 
the infinite dimensional group of shifts of the measure fields tp a (SGMF) 

fa -> fa + fa(L) (6) 

where f a (L) is an arbitrary differentiable function of the total Lagrangian density L. Such symmetry in general 
represents a nontrivial mixing between the measure fields ip a and the matter and gravitational fields (through L) . As 
it was mentioned in Ref. |^|, this symmetry prevents the appearance of terms of the form /(x)$ in the effective action 
(where quantum corrections are taken into account) with the single possible exception of f(x) — c/x where a scalar c 
is x independent. This is because in this last case the term f(x)& — c^J—g is ip a independent. This possibility gives 
rise to the cosmological constant term in the action while the symmetry (6) is maintained. This can be generalized 
to possible contributions of the form J L 2 y / —gd 4 x where L 2 is ip a independent function of matter fields and gravity 
if radiative corrections generate a term f(x)& with f(x) = L 2 /x- 
So, let us consider an action which consists of two terms 

S = S 1 + S 2 

51 = J L^d A x 

5 2 = J L 2 ^g~d 4 x (7) 

Now only Si satisfies the requirement that the transformation L\ — > L\ + const does not effect equations of motion, 
which is a somewhat weaker version of the NGVE principle. In this case, the SGMF symmetry transformation @ is 
replaced by 

<Pa ~> <Pa + fa(Ll) (8) 

The constraint which appears again in the first order formalism, allows now to solve the measure $ in terms of 
\J—g and the matter fields of the theory without introducing the four index field strength (see Sec. III). 

In scalar field models with potentials entering in Si and S 2 , in the true vacuum state (TVS) x ~ ¥ 00 • However, in 
the Einstein frame this singularity does not present and the energy density of TVS is zero without fine tuning of any 
scalar potential in Si or S 2 (see Ref. || ) . This means that even the weak version of the NGVE principle is enough to 
provide a solution of the CCP. We show in Subsec. IIIB how it is possible to incorporate gauge fields in such kind of 
model. 

Sections IV and V are devoted to the ways for inclusion of fermions and construction of unified gauge theories in 
the context of the NGVE theory. 

(C) As it is well known, in order to really understand the role of some symmetry, one should see what the breaking 
of such symmetry does. With a simple example in Sec. VI, we will see that the breaking of the symmetry (|^) or (ph can 
lead to the appearance of a nonzero energy density for the TVS. In the particular example we study, the additional 
piece in the action that is added is of the form 




S 3 = -7 / ^d A x. (9) 



which is equivalent to considering of a piece of the Lagrangian density L\ linear in x- Then as we show in Sec. VI, the 
TVS energy density appears to be equal to 7. 

Notice that for the field theory models presented in this paper in the framework of the case (B) as well as of the 
case (C), the classical GR tests are guaranteed to work out correctly by the same resons as in the case (A) (provided 
that in the case (C), 7 in Eq. @ is small enough). 

In Sec. VII we show that when considering only a linear potential for a scalar field <fi in Si, the continuous symmetry 
4> — > 4> + const is respected. Surprisingly, in this case SSB takes place while no massless (" Goldstone" ) boson appears. 
Models with such a feature exist in each of the cases (A), (B), (C). 
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II. MODELS SATISFYING THE STRONG NGVE PRINCIPLE 
A. General features of the strong NGVE theory 



Starting from the case (A) (see Introduction), we consider the action (||). We assume that the total Lagrangian 
density L in Eq. (||) does not contain the measure fields ip a , that is the fields by means of which the measure $ is 
defined. If this condition is satisfied then the action (||) is invariant, up to a total divergence, under transformations 
(0) (see also 0). In fact, by the transformation (^) the action (||) is changed according to S — > S + SS with 



SS = 4 / AZLdML^x + G j e» va Pe abcd Ld^ a d„ip b d a LdpL^^ 



(10) 



where 

K = e bcda e" x ^(d^ b )(d x ^ c )(d aVd ) (11) 



and all terms in the right hand side of Eq.(|lC|), with the exception of the first one, are identically equal to zero because 
of symmetry properties. The first term is transformed to the total divergence 

SS = J d^d A x (12) 

where S1 M = 4A£g a (L) and g a (L) being defined from f a (L) through the equation L(df a /dL) = dg a /dL and the identity 
duAQ = has been taken into account. 

Our choice for the total Lagrangian density is 

L = --R(T,g)+L m (13) 

K 

where L m is the matter Lagrangian density and i?(r, G) is the scalar curvature which in the first order formalism in 
the framework of the Metric- Affine theory jl0| is defined as follows 

R{T,g)=g^R liV {T) (14) 
R^(T) = R^ X (T) (15) 

where T^ u are the connection coefficients which have to be obtained from the variational principle. 

Equations that originate from the variation of the action (|5|) with respect to the measure fields (p aj are 

A^[--R(T,g) + L m ]=0 (17) 

K 

Since A^d^, = 4- 1 c5 QQ ,$ we get [] that Det(A%) = ^$ 3 , so that if $ ^ 0, it follows from Eq.(0) 

- - R(T, g) + L m = M = constant (18) 

K 

Let us now study equations that originate from variation with respect to g^ . For simplicity we present here the 
calculations for the case where there are no fermions. Performing the variation with respect to g^ v we get 



For the connection with other developments concerning volume preserving diffeomorphisms and the corresponding structure 
of fields equations see Appendix A 
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(19) 



Contracting Eq.(|l9|) with g^ v and making use Eq.(]lS|) we get 

^ d{L ; g ~ M) -( L m-M)=0 (20) 

This equation is a constraint since generically L m contains only the fields and their first derivatives. A similar 
constraint is achieved by using the vierbein - spin-connection (VSC) formalism (see Appendix E). Notice that if 
L m — M is homogeneous of degree one in g^ y it satisfies the constraint (|2(]) automatically (that is without using 
equations of motion) . 



B. The vacuum case 



In the vacuum, when we choose L m = in Eq.(|13[), it follows from Eq.([L9|) 

R^(T) = (21) 



Eq.([L8j) implies then that the integration constant M = 0. Adding an arbitrary constant C to L m does not change 
the resulting Eq.(^lj) since, as we see from Eqs. ([l8]) and ( |l9| ) or from the constraint (|2(]), the integration constant 
M has to compensate the constant C. 

To clarify the sense of Eq.(21) we need the connection coefficients T* v . Varying the action (||) with L = — ^R(T,g) 



with respect to T* v , we get 

9a ^g aX + Sfawdpg 1 * -5$^ +6^=0. (22) 
We will look for the solution of the form 

r£„ = {U + e£„ (23) 

where {£„} are the Christoffel's connection coefficients. Then E^„ satisfies the equation 

- ct,a g»v + cr )At g u \ - gua^Xf, - 9^Z\ + 9^\a + 9^x9 ap ,g Pl ^% = (24) 



where 



(T = \n X , x=—^= (25) 



'-9 

The general solution of Eq. (pi}) is 

- 6%\v +\{^ % ~ a, g^g**) (26) 

where A is an arbitrary function which appears due to the existence of the Einstein - Kaufman A-symmetry (see [fTl] , 
Q and Appendix B): the curvature tensor ([16]) is invariant under the A- transformation 

r^(A,<7) = r^ + ^A„ (27) 

Although this symmetry was discussed in Ref. |llf| in a very specific unified theory, it turns out that A- symmetry has 
a wider range of validity and in particular it is useful in our case. 

If we choose the gauge A = § , then the antisymmetric part of E" disappears and we get 
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E£» = -{6%o, v +5?<r» -a,? 9llv 9 ap ) (28) 



G 



which contributes to the nonmetricity (more discussion about A symmetry and other gauge choices see Appendix B). 

In the vacuum, the cr-contribution ( ^8| ) to the nonmetricity can be eliminated. This is because in the vacuum 
(L m = 0) the action (||), ([il]) is invariant under the local Einstein symmetry (LES) 

9^{x) = J- 1 {x)g' llv (x) (29) 

§{x)=J- 1 {x)&{x) (30) 

The transformation ( |30| ) can be the result of a diffeomorphism <p a — ► ip' a = (p' a (ipb) in the space of the scalar fields 
ip a (see Ref. §). Then J = Det(fy. 

Notice that even when we are not in the vacuum, but the matter Lagrangian density L m satisfies the constraint 
( f20| ) automatically (that is L m is homogeneous of degree one in g^ v ', up to irrelevant additive constant) then the total 
action (|h, (|l3|) possesses LES too. For examples see ||, j|. 

For J = x we get \' = 1, £^(ct) = and F'™ — {£;„}', where are the Christoffel's coefficients corresponding 
to the new metric g' . In terms of the new metric g*, the curvature ( |l6| ) becomes the Riemannian curvature and 
therefore Eq. ( ^l|) is equivalent to the vacuum Einstein's equation with zero cosmological constant. 



C. Single scalar field with a nontrivial potential 



Now let us consider the cases when the constraint (|2(]) is not satisfied without restrictions on the dynamics of the 
matter fields. Nevertheless, the constraint ( |20| ) holds as a consequence of the variational principle in any situation. 
A simple case where the constraint ( 20 ) is not automatic is the case of a single scalar field with a nontrivial potential 

V(<p) 



L m = 7j<P,aP' a - V(<p) 



(31) 



In this model, the kinetic part of the action possesses LES and satisfies the constraint automatically since ^(p ta <p' a is 
homogeneous of degree one in g^ v . The potential part apparently does not satisfy the LES and as a result of this the 
constraint (po|) implies 



V((p) + M = 



(32) 



Therefore we conclude that, provided $ ^ 0, there is no dynamics for the theory of a single scalar field with a 
nontrivial potential, since constraint (|3|) forces this scalar field to be a constant. 

The constraint (|3^) has to be solved together with the equation of motion resulting from the variation of the action 
©, ©, © with respect to ip a 



dip 



(33) 



where a — ln%. From eqs.(|3J 
V(ip). Since the constraint 



and ( |33j ) we conclude that the (p -field has to be located at an extremum of the potential 
3) eliminates the dynamics of the scalar field ip, we cannot really say that we have a 



situation where the LES ([29|), (|30|) is actually broken, since after solving the constraint together with the equation of 
motion (i.e. on the mass shell) the symmetry remains true. 

Taking into account that tp — constant and L m — M = — (V((p) + M) — 0, we see from Eqs. (|l8|)-(20) that 
i? M „(r, g) = 0. As we have seen in Sec. IIB, the a contribution to the connection can be eliminated in the vacuum by 
the transformations (|2^), (|30|). Notice that since the equations of motion enforce ip = constant, the single scalar field 



4> part of the Lagrangian density acts as an arbitrary constant. However, this situation is indistinguishable from the 
vacuum case. Then repeating the LES transformation of the end of Sec. IIB, we see that in terms of the new metric 
g^„, the tensor R^lTjg) becomes the usual Ricci tensor R flu (g') of the Riemannian space-time with the metric g'^ 
and R t j ll/ (g l ) = Therefore we conclude that for the case of a single scalar field with a nontrivial potential, the theory 
is equivalent to the Einstein's GR with the zero cosmological constant. As a consequence, in this simple model, among 
maximally symmetric solutions, only Minkowski space is a solution. The absence of de Sitter space as a solution 
makes us suspect that the NGVE theory is inconsistent with the idea of inflation. This however is not true as we will 
see in the next subsection. 
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D. Four index field strength, unified gauge sector and a model with realistic particle fields dynamics and 

cosmology 



As we have mentioned, one of the biggest puzzles of modern physics is what is referred to as the " cosmological 
constant problem" , i.e. the absence of a possible constant part of the vacuum energy in the present day universe 
0. On the other hand, many questions in modern cosmology appear to be solved by the so called "inflationary 
model" which makes use of a big effective cosmological constant in the early universe jl^] . A possible conflict between 
a successful resolution of the cosmological constant problem and the existence of an inflationary phase could be a 
"potential Achilles heel for the scenario" as has been pointed out Here we will show (see also [pj) that indeed 
there is no conflict between the existence of an inflationary phase and the disappearance of the cosmological constant 
in the later phases of cosmological evolution (without the need of fine tuning). In the context of the strong NGVE 
theory, the introduction of a four index field strength condensate plays a crucial role for this. 

Another problem related to the NGVE theory consists of the very strong restriction which constraint ( |20| ) dictates 
on the matter models which generally do not satisfy the LES. This makes the incorporation of fermion masses and 
gauge fields not straightforward (see Refs. In what follows we will see, however, that the incorporation of 

the four index-field strength in four dimensional space - time turns the constraint into an equation for \- field. After 
solving this constraint we obtain well defined matter models. 

In Appendixes C and D we show how it is possible to realize a nontrivial dynamics of a scalar field and a gauge 
field while solving the CCP. However, the simplest models presented there give rise to undesirable problems: either 
the mass of the scalar field turns out to be infinite or nonminimal nonrenormalizable couplings appear at very high 
energies. We are going to show in this section that by a certain sort of unification of all gauge fields we can get rid of 
the above mentioned problem. This approach seems to be the most appealing one in the context of the theory based 
on the strong NGVE principle. This Section is self contained, but Appendixes C and D help the reader to understand 
how the theory operates generically. 

The basic idea consists of demanding that the dependence of the Lagrangian density on the gradients of the gauge 
field potentials is only through a single variable which is the sum of all possible kinetic terms and a corresponding four 
index field strength term. The fact that all gauge fields must come together is automatic in a unified gauge models 
where the Lagrangian density must depend only on F^ l/ F a ^ u where a is for example an SU(5) index. In addition we 
insist also in introducing a three index potential A M „ Q into the game in a similar way. Here we will demand that the 
field strength F aflv p = d^A^p] is combined with other usual gauge field kinetic terms, like F"F afl ' / , in such a way 
that the homogeneity of each of the terms in of 11 ' is of degree 2. This singles out the following combination analytic 
in the gradients of the gauge fields potentials |j 

y = F^F^ + rr? —j=^d^A va p (34) 

We will call y the gauge complex. Here m is a parameter with the dimensions of mass. 

The demand that the term which depends on the condensate of A lllJOll has to have the same transformation under 
g^ v — > ilg 1 *" as the ordinary gauge fields, finds a simple analogy in a related higher dimensional picture where the 
components of the gauge field strengths in the direction of the extra dimensions can play a similar role to that of the 
A^ua field in 4-dimensional space-time. In 6-dimensional case for example, FabF ab = F^F^ + 2F a ^F afJ - + F a bF ab , 

where /i, v = 0,1,2,3; a, 6=4,5 and F a i,F ab plays then the role of £ ^_^ d^A^ap in the condensate state |ll| (here 

F a t takes a "magnetic monopole" expectation value). Then the requirement of equal behavior under conformal 
transformation is of course automatic. 

To implement the suggestion of using the combination ( p4| ) let us consider a model with the action 

<f>d 4 x{--R(T,g) -m 4 f(u) + Ig^fahv+g^idp-ieApMdv+iaAvW - V(\<j>\)} (35) 

where <f> is a complex scalar field minimally coupled to a vector gauge field A^ and f(u) is a function of the dimensionlcss 
argument u — y/m A . We will see that the only requirement condition on the function /(it), that provides a persistent 
condensate with physically reasonable consequences, is that f'(u) = + — for some y — yo > 0. 



2 The other possibility including \J —F llva (iF^ va f ) = [ el \_ P dfiAygp | is not analytic one 
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By making use the gauge invariance we choose the unitary gauge (where Im <p(x) = 0) and then the Lagrangian 
density takes the form 



S = J $d 4 x[-ii?(r, g) - m 4 f(u) + \<TV» <P,u -V{<p) + \&<?<r&,M 



where |0| = -</?. 

The constraint (|20|) has now the form 



Varying with respect to A ua p we get 



which gives 



2uf(u) + /(«) + — \V(<p) + M] = 0. 
d^xf'e^) = 



where w is a dimensionless integration constant. 
Equation for the gauge field 



1 



?2 



. -9 " ■ 4 

which is apparently nonlinear in F^ v is reduced to the form 

-Lcyv^H + ^-v 2 X g va A a = o 

due to Eq. (||). 

The gravitational equations originated by the variation of g^ take the form 



F a0 F aP g^ - AF^F^g^ 



1 



;2 



after using Eq. (p4[). 

The scalar field equation is 



irgr^d^y/^gg^dyip) + a, M v» + V'{<p) + i 2 V g^A a Ap = 0, 



(36) 



(37) 

(38) 
(39) 

(40) 
(41) 



(42) 



(43) 



The x~ field enters both in the gravitational Eqs. (ji^) (through the connection) and in the matter equations (|4l|), 
(E3|) . In order to see easily the physical content of the model, we have to perform a conformal transformation 



9» v {x) =X9nv{x)\ <P^<P 



(44) 



to obtain an " Einstein picture" . Notice that now this transformation is not a symmetry and indeed changes the form 
of equations. After rescaling A^ and e 2 to A^ and e 2 



An = 2^/ujAu 



(45) 



with uj > 0, we obtain the resulting equations in the Einstein frame which are of canonical form for a standard SSB 
gauge theory in the GR formalism: 



1 riy ,, 

r=d^ypS r v d u <p) + -f 1 + e 2 w a ?A a A p = 
i—g dip 



(46) 



(47) 
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G,AV a p) = (48) 

Tpv = ~ -^.aP,/^" + Veffi^g^ + \g^F a0 F a ? - F m F v pg aP + e 2 V 2 {A,A v - \g^A a A a ) (49) 

Here 

G^{g aP ) = R^u{g aP ) - ^g^R{g a p) (50) 

is the Einstein tensor in the Riemannian space-time with metric 

The new effective scalar field potential appears now in two different forms in Eqs. ( |46| ) and (|4 

dVeff _ v , = \<^ = \±M_ (51) 

dip e ^ X dtp lo du dip 

and 

VefM = -{f{u)f. (52) 

Here y, u = y/m 4, and f(u) are functions of ip due to the constraint (|37]). It can be shown that two different form 
of appearance of V e f / and j in the gravitational field equations and in the scalar field equation correspondingly, 
are self consistent (the reason for this is the existence of Bianchi identities). This consistency also may be shown by 
taking the derivative of Eq. 



As the result we obtain Eq 



(52) with respect to ip and using the derivative of the constraint (37) with respect to ip. 
©. 

Looking at Eq. ( [51| ) we see that there are two ways of obtaining an extremum of V e ff(ip): 

(a) The first one is when = which corresponds to an extremum of the original potential V(tp). In this case 
there is no reason for the vanishing V e ff(ip) in such an extremum if we do not resort to some kind unnatural fine 
tuning. 

(b) The second way is to consider the situation where 

J^U = „ O7 to = (53) 

and the appropriate value of ipo is related to uq by the constraint ( |3~7| ) . For this extremum of the effective potential 
we see immediately from Eq. ( |52] ) that V e ff(cpo) = without any assumption about that is without fine tuning. 

If we assume that yo = ^ is positive then it is clear also from (|52] ) that ipo (where both V e ff(ipo) = and 
d ^dip f ly=yo = 0), is a minimum since any small fluctuations bring us to a higher positive value of V e ff. In this case 
the vacuum is defined both by value of the gauge complex condensate u = uq and by the scalar condensate ip = cpo 
satisfying the condition 

f(u ) + ^ I [V(i Po ) + M]=0. (54) 
mr 

which follows from the constraint ( |37| ) and Eq.([53|). Notice that transition to the Einstein frame does not change the 
value of the gauge complex condensate uq since it is defined by the value of ipo due to Eq. (|54|) . 



It is very important to notice that Eq. (54) represents the exact mutual cancellation of the contributions to the 
vacuum energy of the integration constant M , the scalar field condensate and the gauge complex condensate. 

It can be shown explicitly (by using the constraint |37]) , its derivative and Eq. ( |5l| ) that the mass square of the 
scalar particle is 

= ^I^(^)] 2 - (55) 

which is positive if both to > and y > 0. In this case the state y = yo, y — yo is classically stable and it has zero 
energy density. In this state, the vector boson A^ acquires mass 

m A = e Vo (56) 
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As it has been noted in Introduction, equations of motion derived from the action (J^) are invariant under the global 
dilatation of the measure fields (p a : 

tp a — ► a a (p a , a a = const (57) 

or in terms of the measure $ 

$ — * a$, a — Y[ ot a (58) 
In the Einstein frame (see Eq. ([S])) this symmetry takes the form of a global space-time dilatation 

<f>(x) -> a$(x); g^ix) -> ag^(x); (x(i)->axW) (59) 

The appearance of the gauge complex condensate ( p9|) p arameterized by the integration constant u, spontaneously 
breaks this symmetry. As we can see from Eqs. (|45|), (|56|) and ( p5|) all coupling constants and masses are defined by 
the dilatation breaking integration constant to. 

One can see that if y > in the extremum where = 0, then this state can serve as a phase with positive 
effective cosmological constant and therefore inflation becomes possible as well. This vacuum is smoothly connected 
by dynamical evolution of the scalar field ip with the zero energy density vacuum y = yo, y = yo, thus providing a 
way to achieve inflation and transition (after a standard reheating period) to a A = phase without fine tuning. 



III. MODELS SATISFYING THE WEAK NGVE PRINCIPLE 



A. General features of the weak NGVE theory 



As we have seen in Introduction and in Sec. IIA, an action of the form (^J) is invariant (up to an integral of a total 
divergence) under the SGMF transformations (^). However, the existence of such symmetry is not affected by the 
existence of an additional contribution to the action of the form S2 in Eq. (Q). In this case the SGMF symmetry 
is modified as in Eq. (^). In this section we want to study this more general structure. Notice that in the weak 
NGVE theory, the invariance of classical equations of motion under the global dilaton transformations (B3) is explicitly 
violated. 

We are starting now from Eq. (Q) in the case when neither L\ nor L2 contain the measure fields (p a and where for 
simplicity we assume that no - dependence enters in L2 = L m 2 — L m 2{g^ v , matter fields) and L\ has the form 
Li = -j:R(g,T) + Lmiig^, matter fields). 

Variation with respect to the measure fields tp a leads to the equation 



A^[—R(T,g) + L ml } = 

K 



Just as in Sec. IIA, if $ ^ 0, it follows from Eq. p 



1 



R(T, g) + L m i = M = constant 



(60) 



(61) 



Varying with respect to g^ u we get 



1 



$ --iV(r) 



dL 



ml 



Qg^U 



The consistency condition of Eqs. ( |6l| ) and (|6_ 

' dL m i i I dL 

in'l 



f) 



is the constraint 
2 



L, 



-dL m 2 

-g^— = 



M 



X. 



(62) 



(63) 



which takes place of the constraint ( |20| ) of Sec. IIA. Notice that constraint ( J63| ) is satisfied automatically (that is 
without using equations of motions) in the case when L m \ and L rn 2 are homogeneous functions of g^ of degree 1 and 
2 correspondingly. In such a case the theory possesses the LES (|29|), ( |30| ) and then, similarly to the strong NGVE 
theory (see the end of Sec.IIB), the x contributions into equations of motion can be eliminated by the transformation 
©, © with J = X - 
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B. The simplest model 



To demonstrate how the theory works when it is based on the weak NGVE principle, we start here from the simplest 
model H , |^] including scalar field ip and gravity according to the prescription of the NGVE principle and in addition 
to this we include the standard cosmological constant term. So, we consider an action 

S= [ L 1 $d i x+ { A v ^gd i x (64) 



where L\ — —^R(T,g) + \g^ h '<p ^p , v — V((p) and A = const.. Notice that now the global dilatation symmetry (j5^) is 
explicitly broken. 

Performing the variation with respect to the measure fields tp a we obtain equations A^d^Li = where is given 
by Eq. (|i"T|). If $ ^ 0, then it follows from the last equations that L\ = M = const. 
Varying the action (|64|) with respect to g^ v we get 



Contracting Eq. (p5|) with g^ v and using equation L\ = M we obtain the constraint 

2A 

M + VUp) = (66) 

X 

where again x = 9- 

The scalar field tp equation has the same form as Eq. (|33|). 

The derivatives of the field a enter both the gravitational equation ([55]) (through the connection) and in the scalar 
field equation. By a conformal transformation ([l4|) to an "Einstein picture" we get, after using the constraint (|6^), 
the canonical form of equation for the scalar field and of the gravitational equations in the Riemannian space-time 
with metric g a p 

V^g dL P 



dnW-9 T u d vV ) + = (67) 



2 

where 

1 



R»A9 a0 ) - \g^R{9 a0 ) = ^T e /J(<p) (68) 



T# f (<p) = <P,mV,u - ^vmT* +a^v eff {v) (69) 



and 

dVeff _ 1 dV 
dip x dip 



(70) 



V ef f(<p) = ^[M + V{y)f (71) 

We see that for any analytic function V(ip), the effective potential in the Einstein picture has an extremum, i.e. 
V e ff = 0, either when V' = or V + M = 0. The extremum ip = tpi where V'(ipi) = has nonzero energy 
density [M + V(ipi)] 2 /AA if a fine tuning is not assumed. In contrast to this, if A > 0, the state ip = ipo where 
V(ipo) + M = is the absolute minimum and therefore ipo is a true vacuum with zero cosmological constant without 
any fine tuning. A mass square of the scalar field describing small fluctuations around ipo is m 2 = ^\-[V(<po)] 2 - 
Exploiting the possibility to choose any analytic V(<p), we can pick the structure of V e ff(ip) so that it allows for an 
inflationary era, the possibility of reheating after scalar field oscillations and the setting down to a zero cosmological 
constant phase at the later stages of cosmological evolution, without fine tuning. 

Notice that if V + M reaches the value zero at some value of ip = ip$, this point represents the absolute minimum 
of the effective potential. If this is not the case for a particular choice of potential V and of integration constant M, 
it is always possible to choose an infinite range of values of M where this will happen. Therefore no fine tuning of 
parameters has to be invoked, the zero value of the true vacuum energy density appears naturally in this theory. 
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It is interesting that in the TVS \ ~~ > °°i that is the dynamical measure $ dominates the measure y/—g. Therefore, 
in the TVS we observe a dominance of the first term (even if A is very big) in Eq. ( |(34|) which implies the restoration 
of the global dilatation symmetry ( |58| ) in the TVS. 

As an example let us consider the model with the quadratic potential V(ip) = ^tp 2 , which in the standard GR is 
associated with massive non selfinteracting real scalar field theory. In the theory under consideration, however, we 
obtain a very different result: the effective potential in the Einstein picture appears 

V ef f = ^ K (<p 2 -<pl)\ <ti = ~™ (72) 

Notice that it follows from the constraint ( |66|) that M — ^ — j^ 2 p 2 — > — \y?p 2 as ip approaches the TVS (that is 

X^ 1 —> 0). Therefore, if /i 2 > 0, then for the TVS to exist, the integration constant M must be M < 0. 

We see that for A > 0, spontaneous breaking of the discrete symmetry ip — > —ip takes place if Mfj 2 < 0. Yet, 
the vacuum energy at the absolute minimum p = ±|y?o| is zero without fine tuning. Furthermore, the mass of the 

scalar field is m 2 = §xtp"o — — M £ which as we see depends on the integration constant M. The mass m is therefore 
a "floating" physical parameter, since M does not appear in the original Lagrangian but it is determined by initial 
conditions of the Universe. 

If ip is replaced by a complex field </> and ip 2 by </>*</>, we obtain the SSB of a continuous symmetry with standard 
consequences. In addition, a model of cosmology that can include an inflationary phase taking place in a false vacuum 
and transition to a zero cosmological constant phase is obtained without fine tuning. 

Further generalizations do not modify the qualitative nature of the effects described here and they will be studied 
elsewhere. For example, considering a term of the form J U(ip)y/—gd 4 x instead of A J ^—gd 4 x in Eq.(|64|), one can see 
that the resulting effective potential vanishes when V(<po) + M = if U(<po) 7^ since it equals V e ff = 4u\ v ) (V + M) 2 . 

A model based on the weak NGVE principle which incorporates global scale invariance is considered in Refs. JIJ] 
and fTJ. 



C. Including the gauge fields 



The weak NGVE principle allows to incorporate gauge fields in a way which is simpler than in the context of the 
strong NGVE principle. Taking in Eqs. (Q) 

Li = --R(T,g)+g^(d fi - ieA„)0(d„ + ieA v )<f>* - V{<f>) 

K 

L 2 = ~g a Pg^F afl Ff 3u + A (73) 

we see that except of the V-term in L\ and A-term in L 2 , the action (Q) is invariant under the LES (notice that in 
S2 the LES takes the form of the conformal transformation of the metric g^ u {x) — J^ 1 (x)g' fil ^(x)). Therefore, as one 
can check explicitly, the gauge field does not enter in the constraint which turns out to be identical to Eq. (pq). 
For the gauge field in the unitary gauge we get 

{-gT^W^ggr^F^) + eW<T A M = o (74) 

In the Einstein conformal frame where the metric is g^ = xg^v, the gauge field equation takes the canonical form 

■^d^ypl r a g v& F aP ) + e = o (75) 

The gravitational and scalar field equations including the effective scalar field potential in the Einstein picture 
coincide with the appropriate equations of the model in the previous Subsection IIIB. Keeping the assumption that 
A > we can see that all conclusions concerning the vanishing of the vacuum energy in the TVS <p = <po where 
V(po) + M = remain unchanged. In addition to this, the Higgs mechanism for the mass generation in the true 
vacuum state ipo works now in a regular way in contrast to the model based on the strong NGVE principle where the 
effective coupling constant (and as a consequence, the mass of the gauge boson) depends on the integration constant. 
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IV. THE INCLUSION OF FERMIONS 



A. Fermions in the NGVE theory 



To present a complete enough picture let us consider a strong NGVE model including gravity, gauge and scalar field 
sectors (as in the action (|36|), once again in the unitary gauge) and, in addition, the fermionic sector (for notations 
see Appendixes E and F): 



S = [ ^d i x[--V^V b "R ilvai {uj) - m 4 f(u) + <P,u ~V(<p) + h 2 ^ 2 g^A^A u 

J k 2 2 

+ 5* {VW^ + ~ ^K) - (d„ \tf°cd + ieA^ a vA W + E/(WW)] 



where the selfinteraction term U (WW) depending on the argument WW remains unspecified in this subsection. 
Equation for W which follows from the action (fT6|) is 



where 



syb 



0, (V=gVf) 



(76) 



(77) 



(78) 



is the trace of the so-called Ricci rotation coefficients |l7j] and U' is derivative of U with respect to its argument WW. 
Spin-connection uff is defined by Eqs. (F4)- (|F7|). Remind that cr-field is defined by Eq. (|25|). 
After the transition to the Einstein frame by means of the conformal transformations 



V^{x)= X V\x)V ail {x) 



(79) 



*'(a0 = X~ 1/4 (:z;)W(:e); = xT 1/4 (a:)tf (a;) 



(80) 



and performing the rescalings (Eq), Eq. (|77|) is reduced to the form 



-%'($V) $' = 



(5,1 - icAfi) + j a C* + -ufe^^V^ 



where f/'(W W') = £/'(WW)|^ = 1/4f ,.^ 1/4 ^ and x enters only as a factor in front of C/'(W W'). In Eq. (||), 



and the spin-connection o;' c is 



Jed , ,cd(-\/-fcx. 



(81) 



(82) 



(83) 



(84) 



Notice that after the conformal transformation (|79|)-(|Sl|), the a-contribution to the spin-connection (the second term 
in the r.h.s. of Eq. (F4)) is canceled. 

Notice also that once again we performed the rescaling ( [i"5| ) in order to provide the standard form of the appropriate 
equations for the gauge and gravitational fields. 
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B. Nambu - Jona-Lasinio model in the NGVE theory 



As it is shown in Appendix E, the famous Nambu - Jona-Lasinio (NJL) model |TJ] works in a special way in the 
context of the NGVE theory: in the theory with only fermionic matter, the constraint does not impose restrictions 
on dynamics (see also 

If we generalize the model towards a realistic theory by the consideration both bosonic and fermionic sectors as in 
the previous subsection, then still the fermionic part does not contribute to the constraint if we restrict ourselves to 
the NJL - type model. In this case the constraint works exactly as in Sec. Ill where bosonic sector breaks the LES 
explicitly and the constraint becomes an equation for x- The modification of the NJL type model for the case of the 
weak NGVE theory (see Eq. (Q)) is evident if the fermion sector enter only in Si. 

In the Einstein frame, the NJL term (see the last term in Eq. (|82])) remains its original form in terms of the 
transformed fields and W . 

As it is well known fll| , the the NJL mechanism allows for a dynamical mass generation in realistic models. Since 
in the Einstein frame the theory takes the canonical form, therefore the same mechanisms of the dynamical mass 
generation can be applied also here. 



C. Classical model for generating mass of fermions 



As we have discussed in the previous subsection, there is a possibility to generate masses of fermions in the NGVE 
theory due to the quantum effect in the NJL model. Now we are going to show that the NGVE theory in the context 
of the model with the action ((76|) allows for a purely classical mechanism of obtaining fermion masses. 

The constraint (E7) corresponding to the model ( |76| ) is 

WC/'(«) - 2?7(**) - 2 [m 4 (2uf(u) - f(u)) - (V((p) + M)] = (85) 

where Eq. ( E10| ) has been used. 

Directing our attention to the situation where the scalar field excitations around the vacuum {u = uq, ip = tpo with 
condition ([37])}, (see Sec.IID) are ignored, we get the constraint for the first order fluctuations of ^ and u = u — uq 

WC/'(«) - 2E7(*tt) - 4m 4 u /"(u ) u = (86) 

where Eq. ([53|) has been used. 

We consider now the model with fermionic selfinteraction of the form 

17(W) = -C(f C = km 4 - 3q (87) 

where k > is a dimensionless parameter. 

Remembering that our aim is to study the theory in the Einstein frame, we first calculate \- From Eq. ( |39| ) we 
have x — jt an d expanding /' around u — u we get /' = f'(u ) + f"(uo)u+ . . . = f"(uo)u. u can be obtained from 
Eq. d86| ) and for special form ( |S7| ) we obtain, after a simple computation, the following equation for x 

- = -r^\(2-l)x q/2 (* , *y} (88) 
in terms of the fermion field ^' in the Einstein frame (see Eq. ((8^)), that is 



X 



\ Alouqiti 4 



(*V) 9+2 (89) 



Finally, we observe that in the Einstein frame, the last term in Eq. (|82| ) has the form of a mass term, with a mass 
m/ given by 



Cqx- 1, ' 2 (^) q - 1 = Cqx^i^'^'y- 1 (90) 
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Such a term will be a legitimate mass term only if m/ as given by Eq. ( |90| ) is a genuine constant. From Eqs. 
and (|90| ) we obtain that my is given by 

We observe therefore that m/ is indeed a genuine constant if 9 = 2/3: 

mk 3 / 2 ,„„. 
"»/ = -= (92) 

We conclude therefore that if we start with a fermion selfinteraction term in the original Lagrangian density (see 
Eq. ©) of the form 

U(W) = -CC**) 2 / 3 , (93) 

we obtain normal propagation of a massive fermion in the (physical) Einstein frame. 

If we had taken the normal fermion mass term in the original frame, that is q = 1, then in the absence of fcrmionic 
condensate we would get zero fermion mass in the Einstein frame. 

One should notice at this point that a selfinteraction of the form ( p3| ) has a remarkable feature: such a term comes 
in the action with a coupling constant C = km 2 with dimensionality mass 2 , just as we are used in the case of bosonic 
masses, like in the case of a vector meson mass term for example. 



V. UNIFIED GAUGE THEORIES IN THE CONTEXT OF NGVE THEORY 



Now we able to formulate a realistic gauge theory. For the illustration of this we take 5/7(2) x U(l) model of 
electroweak interaction. However, there are no obstacles to formulate QCD, GUT or any other spontaneously broken 
gauge model in the context of the NGVE theory. The common feature of such models in the NGVE theory is that the 
spontaneous symmetry breaking (SSB) in the vacuum {po,yo\ does not generate the vacuum energy and therefore the 
cosmological constant is equal to zero in this vacuum. We present here the model realized in the context of the strong 
NGVE theory with the use of the 4-index field strength. However, unified gauge theories can be formulated without 
the 4-index field strength following the guide-line of the Sec. Ill, that is in the context of the weak NGVE theory. 

The SU(2) x U(l) model of electroweak interaction in the NGVE theory has to be considered together with 
gravitational interaction and the Lagrangian density is the following 

L = --V a ^V hu R^ ab {uj) - m A f{u) + iLpL + ie R pe R + iV R TJ)v R 

+ \D^\ 2 - V(M) - X e m 4 / 3 (Le R <p + h.c) 2 ' 3 (94) 

where we choosed the classical model for generating mass of fermions (see Sec. IVC). 

In Eq. (|94|) we used notations of Ref. |^(|: SU(2) vector gauge field A^, (i = 1, 2, 3.); U(l) abelian gauge field 
Bfj,; Left lepton dublet 




Right SU(2) singlets v R and e R ; SU{2) scalar fields dublet 

'-(50 

and corresponding antiparticles ip* — (ip~,<p°). The left and right components of fermions are defined by = 
5(1 + 75)'!' and = \ (1 — 75)^ correspondingly; = 9 M — igTiAi^ — ig'^B^ where the hypercharge Y is: Y = — 1 
for i>l and e^; Y = —2 for e R . Ti — for <p and L. For isoscalar fields e R and v Rl T = 0. The last 
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term in (94) is written in the form which provides us the mechanism for the fermion mass generation described in 
Sec.IVC and accompanied by SSB. Parameter A e in the last term of Eq. (|94|) is dimensionless coupling constant. 
Operator P in the third term L pL of Eq. is defined as follows: 



where 



(95) 



(96) 



(97) 



where / is 2 x 2 unit matrix in the isospin space. The forth and the fifth terms in Eq. (B4) are defined by equations: 



e R pe R = e R (p eR - P eR )e R 



(98) 



(99) 



eR 



ig'B^ -fV? 



(100) 



v R pv R = v R {p uR - P vR )v R 



tuR = 5 W (4 + ^ d a cd 



(101) 
(102) 



3, 



In the kinetic term of the scalar fields in Eq. fl94| ) the notations are the following: 

\D^\ 2 = {D^D^fgT 



(103) 



(104) 



D^ip = ( - -gnAif, - -^g'B^ ) tp 



(105) 



The gauge complex u, which enters into Eq. (|94j) as an argument of the function / in the second term, is defined 
now as follows: 



-g 



(106) 



where F^ u = d^B^ - d v B^, G^ v = d^A v - d u A^ - ig[A^A v - A V A^ where A^ = A^Ti. 

^From the action ( |94| ) we will come to equations of motion and the constraint similar to what we got before but 
with the appropriate modifications related to the SU(2) x U(l) theory. Nonabelian structure of the tensor G^ v does 
not change the constraint since nonlinear term of G^ has the same degree of homogeneity in g^ v as the linear terms. 
After we will get equations similar to Eqs.(39), (85), ( |5l| ) and (p2|), we see that dV ^ f = (without a fine tuning of 
the original potential V(ip)), may be realized when \ip\ 2 



fo = 2^ f° r some vacuum expectation value 



(¥>) 



y/2 \V 
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Then the appropriate gauge complex condensate uq is determined by Eq. ([54|) in such a way that the effective 
cosmological constant defined by Eq. (|52[ ) is equal to zero. 

Around this vacuum the constraint and equations of motion take the standard form. It is important to note a few 
remarkable featu res o f the theory. First, in spite of the fact that more than one gauge vector field enter in the gauge 
complex u (Eq. (|1 06| ) ), the equation similar to Eq. ( J3S| ) again is enough to provide in the Einstein frame, the form 
similar to Eq. (|47|) for all of the gauge field equations. Second, once again, in order to provide the canonical form 
(0) of the gauge field equations, we have to perform the rescaling 

Aft = 2^A M ; = 2V^B„ ; 

9=lA=-, 9'=/r=, (107) 

where the integration constant oj appears as the universal parameter. It is interesting that with this rescaling, where 



gAi^ — gAin, g'B^ — g'B^, we obtain the canonical form of all of the equations similar to Eqs. (46) - (pO) with 



the appropriate modification to the SU{2) x U{\) theory. From equations similar to Eq. (47) we obtain masses of 
vector bosons. After the standard field redefinition from A^, B^ to intermediate vector bosons W+, W~ , and 
electromagnetic field A^, we obtain the following expressions for their masses: 



2 a ' 4y/LU 

where 



1 <7 1_ , . 

m w = -zg-q = ——j=r]\ m z = -grj; m A = 0, (108) 



g = Vg T +g^ = ^x/F+F (109) 

Turning now to the fermionic sector, once again we can find the spin-connection ojff. Varying the action with 



respect to w£ we obtain an equation similar to Eq. ( |F2| ) and the appropriate modification of Eqs. (F4)-(F7) as 



the solution of it. In the Einstein frame the a-contribution K < jf{a) disappears as we discussed at the end of Sec. 
IVA. Contribution of the fermions selfinteraction to wj," 6 , like oc ^ C iV l djl € ahcd e' L r f > ^i % e' L (e' L is the left electron spinor 
in the Einstein frame) which are suppressed by factor n = 16itG in comparison to the first term in Eq. (|8~I|), may 
be neglected if we are interested in particle physics at energies much less than the Planck energy scale. Therefore 
neglecting the last term in Eq. (^4|) we remain only with the Riemannian contribution to the spin-connection. 

Concerning the mass generation of fermions, we have to point out that the choice of the last term in Eq. ( |94| ) is 
related to our intention to use the mechanism for the electron mass generation developed in Sec.IVC, where we have 
found out that the exponent q must be equal to 2/3. Comparing with notations of Sec.IVC we see that after the SSB, 
the factor C in Eq. (^3|) has to be identified in the low energy theory as 

km 2 = C = A e \JLJ TO 4/3 ( 110) 



As a result we get from Eq. (B3 



\l> 2 



v (in) 



Notice that ratios between masses of all particles of the model (see Eq. ( |5q ) for the Higgs boson mass, Eqs. (108)), 

r± 



(|109|) for W± and Z p masses and the electron mass, Eq. ( |lll| )) are w-independent. The same is true for the weak 



angle 



a' 

sin6W = = (112) 
9 



It is very interesting that a big value of the integration constant u> pushes gauge coupling constants and all masses 
to small values. In addition, the constant gy of the effective Yukawa coupling gyL e' R ip 

x 3/2 

9Y = (113) 
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has an additional factor Uq , which can explain (if the gauge complex condensate uq = is also big) the observed 
further suppression of the effective Yukawa coupling and therefore the appropriate suppression of the observed lepton 
masses. We can think about all these effects related to a big values of u) and uq as a " cosmological seesaw mechanism", 
where masses are driven to small values due to the appearance of large number in denominators. 

As we pointed out at the beginning of this section, other gauge unified theories can be formulated in the same 
fashion. If for example we would consider also QCD, then the same effect of additional suppression would be obtained 
for the masses of quarks. 



VI. THE TRUE VACUUM ENERGY DENSITY AS AN EFFECT OF THE SGMF SYMMETRY 

BREAKING 



In the previous section we have seen that the presence of the standard cosmological constant term in the original 
action of the weak NGVE theory does not change the result of the strong NGVE theory: the vacuum energy density 
of the TVS (in the Einstein picture) is zero. We are going to show now that the appearance of the nonzero vacuum 
energy density in the TVS (that is the effective cosmological term) in the Einstein picture can be the result of the 
explicit breaking of the SGMF symmetry (||) or (||) by adding the simplest form of a SGMF symmetry breaking term 
@ to the action of the form (Q). Since such term is invariant under the LES, it does not contribute to the constraint 
as one can check explicitly, and therefore the constraint coincides with Eq. (p6|). 

So, let us consider the model with the action 



1 



l 



V(<p)] 



A-\/—gd x — 7 



4> 2 



Variation with respect to the measure fields ip a leads to the equation 

-V(<p)-2y- 



—R(T,g) + ^<p,or 
k 2 







Similar to the cases of the strong as well as the weak NGVE theory, it follows from Eq. 



-R(T,g) + \ip, a ^ 

K 2 



- V(<p) - 2 7X = M 



Varying the action Eq. (114) with respect to g 1 *" we get 



1 1 A 7 

-R^{Y) + - [— + -x]fiV = 



v (114) 
(115) 

115Q that if the measure 
(116) 

(117) 



^From Eqs. (116) and ( Jl 1 7| ) we obtain the constraint which coincides in the form with the constraint ( |66| ) of Sec. 
IIIB. The scalar field ip equation has the form of Eq. (|35|). 

In the Einstein frame which still is defined by the conformal transformation (Q), after using the constraint (|66|), 
we get the canonical form of equation for the scalar field ( |67| ) with Vlf$ — ^%[M + V(ip)]V and of the gravitational 
equations in the Riemannian space-time with metric g a p 



■-^g i iv < \>-,a < 



-a/3 

•^g p 



[ 4A 



{V + Mf +1 ]g^} 



(118) 



In the TVS (p = ipo where V(<po) + M = the last term in Eq.(118) acts as an effective cosmological term. 



VII. MODEL WITH CONTINUOUS SYMMETRY RELATED TO THE NGVE PRINCIPLE AND SSB 
WITHOUT GENERATING A MASSLESS SCALAR FIELD 

It is interesting to see what happens in the above models for the choice V = J(j), where J is some constant. For 
simplicity we consider here this model in the context of the weak NGVE theory. Then the action (|64|) is invariant 
(up to an integral of a total divergence) under the shift <f> — > cj> + const which is in fact the symmetry V — * V + const 
related to the NGVE principle. Notice that if we consider the model with complex scalar field ip, where <fi is the phase 
of rp, then the symmetry <fi — > <fi + const would be the U(l) - symmetry of the classical equations of motion. 
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The effective potential V e ff((p) — jx\M + V(<fi)] 2 in such a model has the form 

^// = im 2 (0-0 o ) 2 (119) 

where <fio = —M/J and m 2 = J 2 /2A. We see that the symmetry <fr — > <fr + const is spontaneously broken and mass 
generation is obtained. However, no massless scalar field results from the process of SSB in this case, i.e. Goldstone 
theorem does not apply here. Of course the conditions under which this theorem was proved do not apply here. In 
particular, the consideration of a dynamical measure opens up a totally different way to spontaneously break the U(l) 
symmetry. 

This seems to be a special feature of the NGVE - theory which allows: 1) To start with linear potential J<f> without 
destroying the shift symmetry — > + const, present in the d^tpd^ip piece, due to the coupling to the dynamical 
measure (El). This shift symmetry is now a symmetry of the action up to a total divergence. 2) This potential gives 
rise to an effective potential (M + J0) 2 /4A. The constant of integration M being responsible for the SSB. 

In the model of Sec. VI for the choice V = J(f>, the only difference is the appearance of the A-term in addition to 

Eq.flT 

cone 



(119). Similar effect can be obtained also in the strong NGVE - theory but with the use of 4- index field strength 
: ensate. The possibility of constructing spontaneously broken U(l) models which do not lead to associated 
Goldstone bosons is of course of significant physical relevance. One may recall for example the famous U(l) problem 
in QCD Also the possibility of mass generation for axions is of considerable interest. These issues will be 

developed further in elsewhere. 



VIII. DISCUSSION AND CONCLUSIONS 



1. Local Einstein Symmetry, Constraint and Degrees of Freedom. In this paper we have seen that the idea to 
allow the measure to be determined dynamically rather than postulating it to be yj—g from the beginning, has deep 
consequences. In fact, in the context of the first order formalism the NGVE theory does not have a CCP. This is due 
to the fact that the constraint appears which plays a fundamental role in the theory. With respect to the scalar field 
X which is built from the dynamical measure i> and the GR measure y/—g (x = 77=) i the theory behaves in three 
different ways depending on the structure and symmetries of the action: 

i) If we start from the action (||) , that is working in the framework of the strong NGVE theory, and the Lagrangian 
density is such that the constraint is automatically satisfied, then no information about x is obtained and as it turns 
out, in this case there is a so called local Einstein symmetry (^9|), (|3(]) which allows us to set $ to whatever we want 
and in particular <!> = \p^g is possible. 

ii) The second possibility exists, as we have seen in Sec. IIC, where x does not enter the constraint, which imposes 
a condition on other fields of the theory. 

iii) In the context both the strong and the weak NGVE theory, we presented several models where the dynamical 
measure $ enters in the constraint (through the field x) an d as a result, it is possible to solve the field x m terms 
of other fields. It is very important to note that in such models the constraint describes a connection between the 
geometrical object (dynamical measure $) and matter fields, without the Newton constant. This points out to the 
fact that the constraint affects the physical processes at all region of energy, including low energy physics. 

Although we allow the dynamical measure <& to carry independent degrees of freedom (from the variational point 
of view), in all the listed cases after the equations of motions are analyzed, it turns out that the dynamical measure 
<!> does not introduce new degrees of freedom. Instead, it is responsible for the rearrangement of interactions in 
such a way that the CCP problem is solved when the theory is put (by the appropriate change of variables) in the 
Einstein form where both gravitational constant and all masses are constant. Side by side with the solution of the 
CCP problem, the possibility to get the exact GR form of equations seems to be a very important feature of the 
NGVE theory when comparing with usual scalar-tensor theories, where if one chooses the Newton constant to be 
space-time independent (by the use of a change of variables which involves a conformal transformation) , then masses 
are space-time dependent and vice versa. The above remarks concern the examples discussed in this paper but this 
does not mean that the NGVE theory cannot lead to a non Einstein behavior (see for example Ref. |L5| ) . 

Realistic theories are obtained only for the case (iii) as we have seen in examples (Sees. IID, IIIB, IIIC, V, 
Appendixes C and D). This has been achieved in several ways: in the context of the strong NGVE theory, the 
introduction of a 4-index field strength makes it possible to solve 4> from the constraint in terms of <? Mi , and matter 
fields. In the context of the weak NGVE theory, the presence of terms in L2 which enter the constraint, makes it 
possible to solve again in terms of g^ u and matter fields. 
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2. The use of the 4-index field strength in the strong NGVE theory. If a four index field strength is introduced in a 
4 — D space - time, it develops a condensate which turns out to be expressed in terms of other fields. As a consequence 
of this, there is the possibility to produce the standard particle physics and gravity dynamics. The resulting dynamics 
has then interesting consequences in what concerns to the hierarchy problem. As we have seen, all masses and gauge 
coupling constants are driven to small values if the integration constant u>, that parameterizes the condensate strength 
(see Eq. (|39|)), is big. In addition to this, masses of fermions are d riven to small values in comparison with masses of 
bosons as the gauge complex condensate yo becomes big (see Eq. ( |113| )). 

The appearance of the parameter lo in the relation between the original coupling constants and the effective ones 
suggests an idea that it may be possible to think in different ways concerning renormalization theory. It seems to 
promise allure prospects since the strength of the condensate specifies a boundary condition or state of the Universe. 

It is very interesting that a theory designed in order to solve the cosmological constant problem tells us about an 
apparently unrelated subject, like what determines the effective coupling constants and masses of the theory. One 
should recall that the wormhole approach to the cosmological constant problem ends up claiming that wormholcs 
determine all couplings of the theory also . 

Other important consequence of the theory described in this paper is that one can obtain scalar field dynamics 
which allows for an inflationary era, the possibility of reheating after scalar field oscillations and the setting down to 
a zero cosmological constant phase at the later stages of cosmological evolution, without fine tuning. It is interesting 
that the model not just reproduces all possibilities well known in the cosmology of the very early universe solving 
at the same time the cosmological constant problem. In addition to this, the effective scalar field potential includes 
integration constants - a feature which makes us hope that by an appropriate choice of those constants, the correct 
density perturbations and reheating could be obtained naturally. Moreover, the integration constant u> enters both in 
the effective potential and in the effective coupling constants and masses. This means that may be a strong correlation 
between coupling constants and masses of particles and some of the cosmological parameters. 

Some open problems are of course apparent. For example, the "persistent gauge field condensate scenario" (Sec. 
I IP) has to be understood in a deeper way. There a nonspecified function / of a special combination y (Eqs. ( J34| ) or 
( 106 ) as examples) of all gauge fields , including 3- index potential, is introduced. For this function we require only 
the existence of an extremum at some point y = yo > and this is enough to get the effective action of electro-weak, 
QCD and other gauge unified models. The possible origin of such structure as well as the choice of function has to 
be studied. 

The fact that similar type of function appears for example in the QCD effective action as the result of radiative 
corrections p3[ , is encouraging. In such a case no four index field strength is introduced however and the effective 
action is a function of F; Lilv F^ v there. Notice that appearance of a four index field strength condensate in the 
framework of the theory developed in this paper, makes the Lorentz invariance of the vacuum in QCD not a problem, 
as opposed to the situation where only regular gauge fields are present as the argument of the nontrivial function, 
leading to an expectation value of Fi liV F^ lJ 

The four index field strength plays the central role in this model. In this connection, one has to recall that four index 
field strength plays a fundamental role in some supergravity models, in particular in the D = 11, N = 1 supergravity 
and in the D = 4, N = 8 supergravity theories. The possibility of incorporating some versions of supergravity into 
the framework developed in this paper seems therefore a subject which could be a potentially fruitful one. 

3. The weak NGVE theory. The very interesting effect we observe in the weak NGVE theory (Sec. III). The 
addition to the strong NGVE action (||) an explicit cosmological constant term of the canonical GR form J Ay/—gd 4 x 
not only does not prevent from the resolution of the CCP in a way similar to what was done in the context of the 
strong NGVE theory, but it also delivers us from the need to incorporate the four index field strength in order to 
get a nontrivial resulting dynamics. Moreover, such an explicit cosmological constant term results in the effective 
potential of the form (|7l]) which for any analytic original potential V(<p) and for A > allows for the scalar field ip 
to reach in its dynamical evolution the TVS with zero energy density while no fine tuning is needed. Of course, the 
cosmological consequences of the weak NGVE theory developed in Sec. Ill are similar to those of the strong NGVE 
theory with the four - index field strength. However, the absence of the integration constant 10 (Eq. [}9|) does not 
allow a strong correlation between coupling constants and masses of particles and some of the cosmological parameters 
as it is expected in the strong NGVE theory with the four - index field strength. 

4. The TVS with nonzero energy density and SGMF symmetry breaking. In order to generate a nonzero energy 
density in the TVS one has to break the infinite dimensional SGMF symmetry (||) or (||) in the original action. In 
the simplest model (Sec. VI) this is achieved by adding a SGMF symmetry breaking term (^). If this violation of 
the SGMF symmetry appears as a result of quantum corrections, it represents then the appearance of an anomaly 
of the SGMF symmetry (||) or (^). We then have a reason for the smallness of such terms if not of their absolute 
vanishing ( in the case of exact symmetry). This resembles the situation of quark masses and chiral invariance (CI). 
In this case, as it is well known, CI forbids a quark mass. If a quark mass nevertheless appears, CI ensures that 
quark masses remain small even after the consideration of quantum corrections. In a similar way if a small SGMF 
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symmetry breaking term appears, hopefully, it will not be renormalized into a large contribution after quantum effects 
are considered. 

5. Remarks concerning the "energy - volume complementarity" and on quantization It is interesting that the 
mechanism that is responsible for canceling the vacuum energy, which requires \ = ^/V~9 ~~ * 00 as we approach the 
TVS, can give also some dramatic effects when we consider high energy - densities states. To see this, let us take as 
an example the model of Sec. IIIB where Eq. ( |66| ) gives \ ^ {V + M) _1 (consideration of any of the other examples 
of Sec. IID, and Appendixes C, D lead to the same qualitative conclusions). 

As V + M — > 0, x ~ ¥ 00 as mentioned before and this corresponds to the TVS with zero energy density. In the 
case of high energy density, that is for example allowing formally V + M — > 00, we obtain that \ = &/V~9 ~ ¥ 0, in 
the context of this classical model. Since &d 4 x has the interpretation of a volume element in the NGVE theory as we 
have discussed in Introduction and y/—gd 4 x is a standard volume element of GR, we see that where energy densities 
go to infinity, the volume of the NGVE theory becomes zero relative to the GR volume. 

If we were study the behavior of x = ^/V — 9 ncar a high concentration of energy of a point-like particle for example, 
the same effect is generally obtained, that is the NGVE - volume element goes to zero at short distances from such 
particle. 

This type of effect is generic to a wide class of models mentioned before and in addition to other cases including 
also models of extended objects^] which provide regions with singular energy density where the constraint generally 
tells us x —> as energy density approaches infinity. We will call this effect the "energy - volume complementarity" 
which means that in a certain sense space - time tries "to run away" from regions of extremely high energy density. 

This suggests that in the quantum theory, working with g^ v (and not with the effective Einstein variable 
9 ad = X9af3, undefined for x = 0), an interesting effect takes place: where ultra high energy quantum fluctuations 
occur, space - time volume approaches zero, thus damping in the sense of regularization of those very high excitations. 

All this indicates that the correct variables in the high energy regime are the original metric g a p, the connections 
r*„, the measure fields (f a (and the matter fields of course). 

In the states which allow regions with $ = 0, which, as we have seen, enter in the complete set of solutions, only g a p 
(and not g a g) can be used as the dynamical variable. There and only there the infinite dimensional SGMF symmetry 
® or (p[) becomes nontrivial since L or L\ are not necessarily constants: if $ = 0, then the equation of the type of 
Eq. jrif) does not imply d^L = or d^L\ = (see Eqs. ( [l3|) and (0) for notations). These states therefore play a 
crucial role for restrictions on the quantum dynamics since much of the structure of the theory is restricted by the 
existence of the SGMF symmetries (JsJ) or (||) . 

Summarizing the previous discussion we conclude that states for which <f> = is achieved somewhere, correspond 
to states in the extreme energy density region and the SGMF symmetries (^|) or (^) act non trivially. In the quantum 
theory, we expect therefore that the requirement that such symmetries be preserved by, for example, certain regular- 
izations of the theory, will ensure the preservation of the structure of the theory which is responsible for the solution 
of the CCP. 

Notice finally that in the context of the weak NGVE principle, the infinite dimensional SGMF symmetry still exists 
in the form specified in Eq. (||) . This suggests that the weak NGVE model can be a realization of the effective action 
that takes into account quantum corrections. 

6. A complete group-theoretical and/or algebraic study of the infinite dimensional symmetries of the theory has not 
been carried out yet and this should be an interesting exercise. One should notice that in addition to (@) or (||) there 
is the infinite dimensional symmetry of volume preserving internal diffcomorphisms (VPD) tp' a — ip' a (<fb) such that 
<f>' = Such transformations applied after a transformation of the form (||) or (^) lead to something new. The full 
symmetry group of transformation contains element that are not in SGMF and not in VPD which are only subgroups 
of the yet unknown full group of internal symmetries of the measure scalars (p a . 

7. In our treatment of the symmetry L — > L + const, we have ignored possible topological effects, since J Qd i x 
being a total divergence can be responsible however for topological effects, similar to the well known O-term in QCD. 

As we have seen in Sec. VII, such symmetry can be exploited to construct (through the introduction of a linear 
potential V — Jcf> coupled to the measure <E>) a theory that is globally J7(l)-invariant with SSB and yet without 
appearance of a Goldstone boson. Possible applications to axion mass generation, etc has to be explored. 



3 Notice that when $ 7^ then L — const. (or L\ — const.) and the symmetry (g) (or (h)) represents just a trivial shift of cp a 
by a constant. This shift becomes nontrivial if we allow for points where $ = and therefore L or L\ can vary in such "defect" 
points. Such defects can be naturally associated with extended objects and the nontrivial symmetry (^) or (^) appears then 
like invariance under reparametrization of the extended object coordinates ip a - 
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APPENDIX A: CONNECTION TO OTHER DEVELOPMENTS CONCERNING VOLUME PRESERVING 

DIFFEOMORPHISMS 

It is interesting to compare the composite density (|4|) and the form of the equations of motion obtained from the 
variation of the action (^), with other composite structures and their associated equations of motion. 

The simplest instance of a composite structure is obtained by considering two scalar fields (fi (i = 1, 2) and defining 
the composite field strength |p3 



where is the two dimensional antisymmetric symbol with ei2 = 
from a vector potential 



-£21, en = £22 = 0. The form 



duA v — d v A, 



(Al) 
l|) derives 

(A2) 
(A3) 



without need of imposing an additional condition, for example with 

all without reference to the dimensionality of space - time. 

The form (Al) is associated with an area, that is, a two dimensional volume. In fact, F^ v given by (Al) is invariant 
under the area preserving diffeomorphisms, i. e. internal transformations in the (p$ space 



tfi -> (p't = tpi(<pj) 



which satisfy the area preserving condition 



dtf dp* 



£fcZ 



v d(p k dipt 

It is not a surprise then that under such transformation is transformed by the addition of a gradient 



A L 



A L 



(A4) 



(A5) 



(A6) 



where H is determined by the area preserving transformation (A4). 

One can realize then many of the concepts standard in gauge theories (including minimal coupling to charged 
matter), where now the gauge symmetry is replaced by the area preserving diffeomorphisms. The number of scalars 
(fi can be enlarged from 2 to In (n — 1,2, ...) and then F^ v — tUabd^tpadvPb where oj a b has to be a 2n x 2n block 
diagonal antisymmetric matrix, being equal to e a b in each block ]24j ] . An interesting case in 4 — D is when we deal 
with 4 scalars ip a (a = 1, 2, 3, 4) and 



Uab 



( 1 

-10 

1 

V o o-io 



as we will see. 

If we take the Lagrangian density in a flat four dimensional space - time as 



L 



1 



(A7) 
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and the action S = J Ld 4 x, then we get from the variation with respect to (p a the equations 

d a ^ a {d^ a ) = (A8) 
For the purpose of comparing with the NGVE theory, let us consider the situation with n = 2. In this case 



dct(d a (p a ) is well defined in 4 — D space - time. In fact the condition that (A8) is equivalent to Maxwell's equation 
is that <& 7^ with $ being defined by Eq. (Q). It has been shown that solutions where <& = exist and they 
can produce effects like mass generation etc.. As we are pointing out in the present paper, the $ = solutions in the 
NGVE theory are expected to play an important role and the fact that similar type of solution have been found in a 
simpler theory, gives us hope that future research in this subject has good possibilities. 

Composite gauge fields of the type discussed here have also been found useful applications in the context of brane 
theory ^5j. Further discussion on interrelations between the NGVE theories, composite gauge theories and other 
developments can be found in [Eq] . 



APPENDIX B: METRIC - AFFINE FORMALISM IN THE NGVE THEORY AND A-SYMMETRY 

In Sec. IIB we have shown that in the NGVE theory there is a contribution of the v-field to the connection (see 
Eqs. ( p3| ) and (p6|)). This contribution is defined up to the A-symmetry transformation (p7|). By using this symmetry, 
in Sec. IIB we have chosen the gauge where the antisymmetric part of the connection (that is a ^-contribution into 
the torsion) disappears. 

It is interesting to see what is the geometrical meaning of the A-gauge dependent contribution to the connection 
( p3| ) , J26|) . For this we calculate the covariant derivative of the metric tensor g^ with the connection defined by p^ ) 
and (|26|) and we get 

9p.v\a — ~^9/J,v^,a = Vp„ Q . (Bl) 

This means that the A dependent contribution to the connection is responsible for the appearance of the nonmetricity 
tensor p7| . 

With the choice A = ^cr, in Sec. IIB, we have eliminated the x-contribution into the torsion keeping the nonmetricity 
tensor N^ ua which in this " c-torsionless" gauge is equal to —g^v^.a- However we have the freedom to choose for 
example the "a- metric - compatible" gauge where the nonmetricity disappears: A = constant. In such a case, the 
torsion is not eliminated from the connection (|23|), (p6|). 

Notice that these peculiarities of the A-symmetry concerning the possibility of eliminating the x-contribution to the 
torsion or, alternatively, of eliminating the x-contribution to the nonmetricity appear to be a very interesting feature 
of the NGVE theory in the metric - affine formalism. This feature results from the basic assumption that not only 
metric and connection are independent dynamical variables (as it is in the case of the Metric - Affine theory), but 
also the measure degrees of freedom are independent variables when varying the action. 



APPENDIX C: FOUR INDEX FIELD STRENGTH CONDENSATE AS AN UNIVERSAL GOVERNOR. 

SIMPLE MODELS. 



1. Scalar field + four index field strength 



As it follows from our analysis in Sec.IIC, a model with only a scalar field although solves the cosmological constant 
problem, it cannot give a nontrivial dynamics. We study here the simplest model which in addition to a single scalar 
field with a nontrivial potential includes also an additional degree of freedom described by a three-index potential 
Af3^ v as in the Lagrangian density 

L = ~R(T, g) + \y, a p a - V{ V ) + l Fa ^F a ^. (CI) 

Here 
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is the field strength which is invariant under the gauge transformation 



(C2) 



(C3) 



In ordinary 4-dimensional GR, the F a ^ illl F ol ^ p,v term gives rise to a cosmological constant depending on an inte- 
gration constant 28 1, (^9|. In our case, due to the constraint (20), the degrees of freedom contained in F a0fiv and 
those of the scalar field <p will be intimately correlated. The sign in front of the F ol p liV F a ^ IJ ' v term is chosen so that 
in this model the resulting expression for the energy density of the scalar field ip is a positive definite one for any 
possible space-time dependence of ip in the Einstein picture" . Notice also that two last terms in the action with the 
Lagrangian (CI) break explicitly the LES. 

The gravitational equations (091) take now the form 



~iW r ) + \<p,m <p» +\f^f^ = o. 



(C4) 



Notice that the scalar field potential V(<p) does not appear explicitly in Eqs. (]CJ). However, the constraint (|2C|), 
which takes now the form 



V( V )+M = -^F aPlu/ F a ^ > 



(C5) 



allows us to express the last term in ( 34) in terms of the potential V(ip) (using the fact that F"" 11 
4-dimensional space-time). 

Varying the action with respect to A va p, we get the equation 



dJ$F 



fiisot{3\ 







(C6) 



Its general solution has a form 



XV-9 



(C7) 



where A is an integration constant. Then F a p^ u F al3 ^ 1 ' = — A 2 4!/% 2 is not a constant now as opposed to the GR case 
PI, S and therefore 



and 



V(ip) + M = 3A 2 /x 2 



F^Ff 1 = ~(6A 2 /x 2 )3^ - -2[V{ip) + M]g^ 



(C8) 



(C9) 



This shows how the potential V((p) appears in Eq. ( p4[ ), spontaneously violating the symmetry of the action V((p) 
V((p) + constant, which now corresponds to a redefinition of the integration constant M. 
The equation of motion of the scalar field ip is 



{-9r 1/2 d^^99^duV) + ^ + V\tp) = 0, 



(CIO) 



where V = % . 



The derivati ves of the field a enter both in the gravitational Eqs. (|C4j ) (through the connection) and in the scalar 
field equation ( plO ). In order to see easily the physical content of this model, we have to perform a conformal 
transformation 



(Cll) 



to obtain an Einstein picture. Notice that now this transformation is not a symmetry and indeed changes the form 
of equations. In this new frame, the gravitational equations become 



(C12) 
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where 



(C13) 



is the Einstein tensor in the Riemannian space-time with metric g fivl and the source is the minimally coupled scalar 
field <p 



1 



(C14) 



with the new effective potential 



V ef f=^X- 1 (V + M) 



The scalar field equation ( |C10| ) in the Einstein picture takes a form 

1 



9 



For the possible expression for \ 1 we have from Eq. flCq) 



-=±J-(V + M)^ 2 

X \Vs 



(C15) 



(C16) 



(C17) 



Independently of the sign chosen for \ m Eq. (C17), the gravitational and scalar field equations have the sam e 
physical content expressed in different space-time signatures. In what follows we simply take the + sign in (C17). 
Therefore, the effective scalar field potential (C15) has the form 



Veff(<P) 



A3V3 



(V + M) 3/2 



(C18) 



and the scalar field Eq. ( C16| ) becomes a conventional general relativistic scalar field equation with the potential 



9 r v duv) 



0. 



(C19) 



We see that in the Einstein picture, for any analytic V(tp), V e ff(ip) has an extremum, that is V^j — 0, either when 
V' = or V + M = 0. The extremum when V + M — corresponds to an absolute minimum (since V e ff((p) is non 
negative) and therefore it is a vacuum with zero effective cosmological constant. It should be emphasized that all what 
is required is that V + M reaches zero at some point ipo but V at this point does not need to vanish. Therefore no 
fine tuning in the usual sense, of adjusting a minimum of a potential to coincide with the point where this potential 
itself vanishes, is required. And the situation is even more favorable since even if V + M happens not to touch zero 
for any value of ip, we always have an infinite set of other values of the integration constant M where this will happen. 
However, this model is not as satisfactory as those discussed in the text since the second derivative of V e ff is singular 
in its absolute minimum. 



2. Gauge fields and the Higgs mechanism in the NGVE theory 



Let us consider now a model including gravity, four index field strength F a p^ u , a gauge field and a complex 
scalar field <fr minimally coupled to the gauge field with the action 

S = Ud i x[--R(T,g) + ^-F a ^ v F a ^ v + -±-(F^F^) 2 
J k 4! m 4 

+g» v {d lx - ieA^idv + i~ek v )^ - V{\<\>\)\ (C20) 



2G 



where = d^A v - d v A il . 

Notice that the kinetic term of the gauge field is chosen in an unusual way where an additional parameter m 
with dimensionality of mass is introduced to provide the canonical dimensionality for the gauge field A^. The reason 
for such a choice of the kinetic term of the gauge field is to achieve for it the same degree of homogeneity in g^ v in the 
Lagrangian density as we have for the four index field strength F a p^ v . As we will see, for such a choice, after solving 
the constraint we obtain the standard effective low energy physics. For example, in the absence of other interactions, 
the gauge field equations possess conformal invariance or, what is the same, they have the standard Maxwell form. 

By making use the gauge invariance we choose the unitary gauge (where Im <j){x) = 0) and then the Lagrangian 
density takes the form 



L = -^(I\<?) + ^F a ^F a ^ + ±(F^) 2 + 
\gT^ <p, v -V(<p) + \i 2 V 2 g^A^A v ) 



(C21) 



where we have defined \<j)\ = -^<P- 

The constraint (pp|) corresponding to the Lagrangian density (C21) is 



\F a ^ v F a ^ + JL(i^J^) 2 + V{ip) +M = 



(C22) 



Similar to the first and the fourth terms, the last term in Eq. (C21) does not contribute to the constraint since it is 
homogeneous of degree one in g^ v . 



The equation for F a p^ v and its solution are still the same as in Eqs. (C6), (C7) which bring constraint (C22) to 
the following equation: 



—AF, v F^Y+ l -{V^)+M) 



X 2 m 4V ^~ ' ' 3 1 



(C23) 



where we have defined A in terms of the mass parameter m 2 



A = 



(C24) 



u! being a dimensionless constant. 

Varying the action with respect to A^ we get 



1 



-M^9X{F a pF a P)g^g vS F lS ] 



- V 2 X9 av A a = 



(C25) 



Looking at gauge field fluctuations around the true vacuum ip = cpo where V(tpo) + M = and V^f(ipo) — (and 
ignoring the scalar field fluctuations around the true vacuum <po, see the previous subsection), we get from ( p23|) 



X(F^F^) = ±wm 4 



(C26) 



First of all notice that in the case where is no coupling to the scalar field (e = 0), Eq. ( C25 ) after making use Eq. 
( C26Q becomes the Maxwell's equations 



(C27) 



which are indeed conformally invariant. 

In the presence of interactions with scalar field (e ^ 0), Eqs. ( |C25| ) and ( C26 ) lead to the singularity in the second 
term when F a/3 F af3 = 0. 

Notice that the x-field becomes divergent as (p approaches the absolute minimum tpo ■ Therefore it is not a surprise 
that a singularity also occurs in the case where F a( gF a ^ = 0, that is when electric dominated field evolves into magnetic 
dominated one (or vice versa). Here we will see that this singularity is eliminated by the conformal transformation 
(Cll) to the Einstein frame. 



In fact, performing the conformal transformation (Cll) and taking into account the constraint (C26) we obtain for 
the gauge field equation in the Einstein frame 
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(C28) 



Notice that we have not taken the sign ± in Eq. ( |C28|) o utside the derivative operator. This makes it apparent 
that if we pick one of the two branches displayed in Eq. ( p28 ), it cannot evolve continuously to the another branch. 
Therefore the requirement of the analyticity of the resulting equations exclude for example the alternative y\F lljV F ilv \ — 
turn 4 instead of ( p26 ) as a solution of the constraint (C23) at the point (p = ifQ. 



When choosing one of the branches in Eq. ( C26 ) we note that the conformal transformation ( Cll ) changes the 
relative signatures of the original metric g^ v and the metric g M „ in the Einstein frame when the gauge field evolves 
from electric dominated to magnetic dominated (and vice versa). 

Eq. ( C28| ) shows that in the Einstein frame there is no singularity when x 1 ~ * ±0< Therefore, changes of the 
signature of the metric take place only in the original frame and not in the Einstein frame. 

For the choice of the signature (H ) in the Einstein frame we have to choose the branch (— ) in Eq. (C28) in 

order to avoid tachyonic behavior. After the change of notations 

(C29) 



2V2w 



Af, = 2V2uM M ; 



we get the canonical form of equations for the vector field 



+ m\A v 



where 



2 2 
e ip 



(C30) 



(C31) 



is the mass of the vector boson A^ which is generated by the spontaneous symmetry breaking (SSB) of the gauge 
invariance when the scalar field <f> is located at the absolute minimum \<f>\ = — ^75 ¥>o of the effevtive potential 

( |C18| ). We have used the notations 

A» = r v A v ; F„„ = d»A v - d v Atf F^ = T a 9 vfi F af} 



(C32) 

The appropriate gravitational equations at the absolute minimum ip^ in the Einstein frame, when the source is the 

G^{g a p) = ^ v (A a ) (C33) 



vector field A^ takes the standard form 



where 



T^(A a ) = hg^F a pF a P - F^F vP g ap + \™\{A^A V - \g^A a A a ) 



For the scalar field equation in the Einstein frame we obtain 

1 



-ft 



ff 



(C34) 



(C35) 



with V e f f given by Eq. (|C18|). 

As we see, the rescaling(C29) provid es th e canonical normalization of the gauge field so to reproduce the standard 
form of the energy- momentum tensor (C34) and standard interaction of the vector field A^ to the scalar field after 
SSB. A very interesting feature of the theory in the Einstein picture is the fact that the gauge coupli ng c onstant e 
depends on th e inte gration constant ui which appears in the solution for the four index field condensate flC7|) (see also 
the definition QC24| ). 

Finally we have to notice that it is possible to improve the model discussed in this Sec. IV (see for example ||) in 
such a way that the mass of the scalar field becomes finite (compare with discussion at the end of Subsec.IVA). Then, 
however, at the very high energies where the scalar field fluctuations around the vacuum <p = <po have to be taken 
into account, it follows from the constraint (C23) and Eq. (C25) that the nonminimal nonrenormalizable interaction 
of the gauge field with the scalar field appears. 



We have to point out that the models discussed in the body of the paper do not suffer this ambiguity. 
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APPENDIX D: MODEL WITH A CRITICAL LIMIT 



The aim of this Appendix is to demonstrate reasons which lead us to the model with persistent gauge condensate 
(Sec.IID). In the framework of the strong NGVE principle we consider here the interesting family of Lagrangians 
which depend on the ordinary gauge field A M and the three index gauge field A^ va only through the gauge complex 
y, Eq . (|34|) with the power low dependence on y. Therefore, in the unitary gauge for A^, instead of dealing with 
( C2CD , ( p2l| ) , we have the action 



S 



<5>d 4 x 



—R(T,g)- 



(Dl) 



where dimensionless parameter p is a real number. As we will see later, the physically interesting case is achieved in 
the critical limit p — > oo. 

Constraint (20) takes now the form 



which defines y as a function of tp. 

^From variation with respect to A ua p we obtain the equation 



the solution of which can be written as 



xy?- 1 = um 4 ^ 11 



where u is a dimensionless integration constant. 
Varying with respect to the scalar field ip we get 

{-9)- X,2 d*W=9grd u tp) + a m <p>» + V'dp) + ~e 2 w a0 A a A p = 0, 

The equation for the gauge field A a is 



(D2) 

(D3) 
(D4) 

(D5) 



-gF» v ] + —m< p -Vip 2 xA u = 



which becomes 



-2 



-9 



~ 9 Fn + jVx^ = 



due to Eq. (D4). And finally, the variation of g^ v leads to the gravitational equations 



In (v \ - yP yt 
K n MV (L,g) - 2to 4 (p -i)^ + m 4 (p -i) 



^F a0 F af3 g^ - 2F fla F vl3 g a ^ 



(D6) 



(D7) 



(D8) 



where Eq. (Q) has been used. 

For the same reasons as those explained in Sec. IV, we have to perform the conformal transformation ( |C11 ) which 
provides a formulation of the theory in the Einstein picture. Eqs. (D5), (D7) and (D8) become then correspondingly 



r^MyPS r v d»<p) + -r 1 + e 2 <pg a(3 A a A fj = 



(p) 



dtp 



(D9) 



(D10) 
(Dll) 
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T» v = - ~g lu ,<p, a <p,0' f> + V e { f f (p)g^ + \g^F aP F a P - F m F vP T P + eV(A^ " \g^aA a ) (D12) 



where 



and the rescalmgs 



MX-l/p) 



2p- 1 



2-l/p 



{V(^)+M) 2 -^p 



(D13) 



have been performed. It is assumed that uj > 0. 
Equations (D9)-(D12) describe the family of canonical equations of GR (parameterized by the parameter p) for a 
gauge model (in the unitary gauge) including gauge field minimally coupled to the scalar field 4> with the potential 
(Plq) and the coupling constant e. For p = 1 (which has to be studied by itself), the theory reproduces the Einstein 
GR with the original potential V(ip) and with a cosmological constant M (see Ref. B). In contrast, for any p > 1, 



the effective potential v£ff(ip), given by Eq.(D13), has an absolute minimum at the point ipo where V(ipo) 
However an additional remarkable feature appears when p — > oo. In this case 



V efJ (<p) = lim V${<p) = 

r> — >rxn J J 



1 



4wm 4 



(V + Mf 



M = 0. 



(D14) 



and for any analytical function V(ip), all derivatives of the effective potential V e ff{<p) are finite at the absolute 
minimum ip = <p a where V(ipo) + M = 0. In particular, V"fj(tpo) oc [V'((£>o)] 2 is finite (and nonzero if we do not carry 
out the fine tuning V'((po) — 0). Therefore the Higgs boson, in particular, can reappear as a physical particle of the 
theory. In the context of cosmology where V e f / (tp) plays the role of the inflaton potential, a finite mass of the inflaton 
allows to recover the usual oscillatory regime of the reheating period after inflation that are usually considered. 

Notice that again (as it was in Sec. HID) the gauge coupling constant e in the Einstein frame (s ee E q. (|45|)) depends 
on the integra tion const ant u> which appears in the solution for the four index field condensate (D4). 

iFrom Eqs.flD2l) and Q) it follows that 



X 



(2 - - f-VPurn^-iM ty + M \-i+Up 
P 



(D15) 



so that if p > 1 or p < we obtain that x ~ * 00 as V + M — * 0. 

It is very instructive to look at what happens to the condensate y when we approach the true vacuum ip = ipo where 
V(<p ) + M = 0. For any finite p>lwe see from Eq. (|D2|) that y = (V + M) 1 ^m 4 - 4 /P(^- [ ) 1 /P and y -> in this 
limit. We notice however the very interesting effect which consists of the fact that as p becomes big, y approaches 
zero but at a very slow rate. In the limit p — > oo we can indeed argue that y does not necessarily approaches zero 
but rather to an undetermined constant since y ~ 0° which is not defined. This suggests that the possible existence 
of a condensate y that survives even in the true vacuum (w hich we will call " persistent condensate" ) is the cause of 
the remarkable feature which allows V e ff to be of the form (D14). In Sec. IID we have verified this explicitly. 



APPENDIX E: CONSTRAINT AND LES IN THE VIERBEIN - SPIN-CONNECTION FORMALISM 



To incorporate fermions into the NGVE theory we have to use the vierbein - spin-connection (VSC) formalism (see, 
however a purely affine approach due to Ne'eman fl30| ). In this Appendix we review in a short form how the NGVE 
principle works in the VSC-formalism. 

In this case we define ]l7| 

R{u,V) = V a ^V bv R llvab {u>), (El) 



FL[ivab{u) = d^UJvab ~ d v LO pa (, + {U^ a U uc b — Ul^UJ^d,) (E2) 

where = rj V b ^, rf b is the diagonal 4x4 matrix with elements (1,-1,— 1,-1) on the diagonal, V£ are the 
vierbeins and = — uj 1 ^ 1 (a, b = 0, 1, 2, 3) is the spin connection. The matter Lagrangian L m that appears in Eq.(||) 
is now a function of matter fields, vierbeins and spin connection, considered as independent fields. We assume for 
simplicity that L m does not depend on the derivatives of vierbeins and spin connection. 
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We are now going to study the theory defined by the action (pf) in the case that the scalar curvature is defined by 



As in Sec. IIA, variation with respect to the scalar fields tp a leads to the equations 

A^d^—R^w) + L m (V,u), matter fields)) 







which implies, if $ ^ 0, that 



-R(V,uj) + L m (V,uj, matter fields) = M 



On the other hand, considering the equations obtained from the variation of the vierbeins, we get if $ =/= 



dL m 



0. 



where 



(E3) 



(E4) 



(E5) 



(E6) 



Notice that eq.(|E5|) is indeed invariant under the shift L 

after contracti 

rau d(L m -M) 



L, 



const. By using Eq. (El) we can eliminate 
R(uj) from the equations (E4) and (E5) after contracting the last one with V a>1 . As a result we obtain the nontrivial 
constraint in the form 



V" 



gy af i 



2{L m - M) = 



(E7) 



which replaces Eq. (|2C|) (see Sec. II) and in the absence of fermions, is equivalent to the constraint (|2C 

The simplest example of a fermion is that of spin 1/2 particles. In this case we regard the spinor field $ asa general 

coordinate scalar and transforming nontrivially with respect to local Lorentz transformation according to the spin 

1/2 representation of the Lorentz group. 

The NGVE principle prescripts for the fermionic hermitian action (which allows for the possibility of fermion self 

interactions) to be of the form 



where 



Sf = 



Lf = \ni a V^{d, + \u J fa cd ) 

.<■<! 



L f <f>d 4 x 



{d ll --u?v cd )'fV£]9 + U(?9) 



(E8) 



(E9) 



Here o~ c d = j[jc,Jd\- Spin-connection w£ should be determined by the equation obtained from the variation of the 
full action with respect to ajff (see Appendix F). 



^,From ( |E9|) and using the equations of motion derived from the action (|E8|),(E9), we get 

dL f 



Vf- 



2L f = - 2U, 



-m " (E10) 

where U' is the derivative of U with respect to its argument We see that the constraint ( E7[) i s satisfied on the 
mass shell (since the fermion equations of motion are used) with M = for Lf defined by eq. (|E9[) if, for example, 
U = c{^^) 2 . Any other quartic interaction, like *7 a *! i 7 a <I', '9a a b^a ab ^, (*7 5 *) 2 , etc. would also satisfy the 
constraint ( [E7| ) on the mass shell with M = 0. In particular, the Nambu - Jona-Lasinio model Jul would also satisfy 
the constraint (E7) on the mass shell with M = 0. 

In the presence of Dirac fermions with the Lagrangian density (E9), the LES (29), ( |30| ) is appropriately generalized 

to 



Vfrx) = J-^WVfix); V£{x) = J^ 2 (x)V^(x) 
$(x) = J _1 (x)$'(ar) 
^(x) = J 1/4 (x)tP'(x); ^(x) = J 1/4 (x)^'{x) 



(Ell) 
(E12) 



(E13) 

provided that Vfyip) has a form of one of the mentioned above quarti c in teractions. Notice that in t his ca s e the 
condition for the invariance of the action with the matter Lagrangian (E9) under the transformations ( Ell )-( EIS ) 
is not just the simp le homogeneity of degree 1 in or degree 2 in VJf, because of the presence of the fermion 
transformation (E13). 
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APPENDIX F: CONNECTION IN THE VSC-FORMALISM 



We analyze here what is the dependence of the spin connection u>" on V?, Xi ^ an d ^- Varying the action fl7q ) 



with respect to ui® b and making use that 



we obtain 



R{V,u) ee -—^= e ^e ahcd Y^R%{Lo) 



where 

D u V a/3 EE dvVaf} + ut a V d p 

The solution of Eq. is represented in the form 



where 



is the Riemannian part of the connection, 



and 



K; b (a) = -a a (V^V ba -V b V aa ) 



(Fl) 

(F2) 

(F3) 
(F4) 
(F5) 

(F6) 

(F7) 



Notice that the spin-connection w°f defined by Eqs. (F4)-([F7|) is invariant under the LES transformations ( E11 )-( E13 ). 
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